
 

Paper summery 
  We demonstrate an all-silicon N-P-N phototransistor 

integrated on a silicon waveguide. The device has a high 
responsivity of 10 mA/W under 5 V bias at the 1550 nm 
telecommunication band, larger than the all-silicon P-I-N and 
P-N photodetectors. 

I.  INTRODUCTION  
The relatively large bandgap (~1.1 eV) of bulk silicon 
above the telecommunication wavelength (~1550 nm) 
keeps silicon photonic devices from being efficient direct 
near-infrared photodetectors. Considering the advantages 
of simple fabrication and CMOS compatibility, all-silicon 
photodetectors are still attractive in future photonic 
integrated circuits (PICs). The reported all-silicon 
photodetectors are mainly based on mid-bandgap 
absorption (MBA) [1], two-photon absorption (TPA) [2] 
and surface-state absorption (SSA) [3]. The responsivity 
of all-silicon photodetectors can be improved by proper 
design of device structures and optimization of 
fabrication processes. However, as compared to the 
commercial InP or Ge-Si photodetectors, the responsivity 
of all-silicon photodetectors is still two to four orders 
lower. Therefore, internal gain process needs to be 
introduced to further improve the responsivity. 

In our previous work [4], we had reported an all-silicon 
waveguide photodetector using the avalanche effect as a 
current gain process. The responsivity was significantly 
enhanced at a bias voltage of less than -8 V. In this paper, 
we experimentally demonstrate a phototransistor where 
the photocurrent is generated by the SSA effect and 
current gain is provided by the internal bipolar-transistor 
action. As this kind of current gain process does not need 
the ionization accumulation for breakdown, high 
responsivity can be obtained at low biases.  

II.  DEVICE STRUCTURE AND PRINCIPLE 
Fig. 1(a) shows the confocal laser scanning microscope 
image of a silicon waveguide integrated with a lateral N-
P-N phototransistor. The active region of the device is 1 
mm long with two 200 µm × 100 µm aluminum electrode 
pads in the middle. Fig. 1(b) shows the cross-sectional 
view of the phototransistor. The waveguide dimension is 
500 nm (H) × 220 nm (W) with a slab height of 60 nm. 
The doping concentrations are 4×1017 cm-3 and 1×1020 
cm-3 for the P and N+ doping regions, respectively. The 
N+ doping regions are 600 nm away from the waveguide 
edges and connected to the aluminum pads. 

Fig. 1(c) describes the equivalent circuit of the 
phototransistor. As the phototransistor is symmetric in 
structure, the current under a forward or reverse bias has 
the same response. Here, we apply a forward bias on the 
right N+ doping region. Therefore, the left N+ doping 
region serves as the emitter, the P doping region as the 
base and the right N+ doping region as the collector. The 
base current ib is generated by the SSA effect when light 
propagates in the waveguide. The collected current ic is 
amplified with a common-emitter current gain of β 
similar to a bipolar transistor [5]: 
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where Dn is the electron diffusivity in the base, Dp is the 
hole diffusivity in the emitter, ND is the N+ doping 
concentration, NA is the P doping concentration, W is the 
base width, Lp is the diffusion length in the emitter, and τb 
is the minority carrier lifetime. Under a certain bias, the 
current gain β is determined by W and concentration ratio 
ND/NA [5]. In order to obtain a high current gain, a thin 
base region together with a high concentration ratio is 
required. 

 
Fig. 1. (a) Microscope image of the all-silicon waveguide 
phototransistor. (b) Cross-sectional schematic of the phototransistor. (c) 
Equivalent circuit model. (d) Energy-band diagram under bias.  

III.  EXPERIMENTAL RESULTS  
We used a tunable laser as the light source. The input 
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light was transverse-electrically (TE) polarized by using a 
polarize controller. Light was coupled into the waveguide 
using a lensed fiber. The insertion loss (fiber-to-fiber) is 
~20 dB, which is mainly caused by the coupling loss. 
Assuming the input and output coupling losses are equal, 
we can estimate the coupled optical power in the 
waveguide. Fig. 2(a) shows the measured current as a 
function of voltage at various on-chip optical power 
levels. An EDFA together with 1-nm bandwidth optical 
filter was used to tune the on-chip optical power. The 
measured current consisting of photocurrent and dark 
current increases with the voltage. At 6 V bias and on-
chip optical power of 9.5 mW, the current reaches ~200 
µA with the dark current ~100 µA. Fig. 2(b) shows the 
photocurrent as function of on-chip optical power under 
various biases. The photocurrent is obtained by 
subtracting the dark current from the measured current. 
The photocurrent shows a linear response to the on-chip 
power, as the current gain β is a constant under a certain 
bias. Fig. 2(c) shows the photodetector responsivity 
against the wavelength at 1 V bias while the tunable laser 
is scanning from 1510 nm to 1590 nm. The responsivity 
is defined as the ratio between photocurrent and on-chip 
optical power. The responsivity of the phototransistor 
slightly increases with wavelength and has an average 
value of ~3 mA/W. 

 
Fig. 2.  (a) Measured current as a function of voltage at various on-chip 
optical power levels. (b) Photocurrent response to on-chip optical power 
under various biases. (c) Responsivity spectrum of the device at 1V bias. 

We next compared the N-P-N phototransistor with the 
P-I-N and P-N photodetectors which are all based on the 
SSA effect. They have the same waveguide dimension 
and device length. The P-I-N junction is widely used in 
the waveguide photodetectors, as the absorption region is 
large. The P-N junction is used in our previous work with 
a relatively high doping concentration (N: 1×1018  cm-3; 
P: 4×1017 cm-3) to enable the avalanche effect at low 
biases. Fig. 3(a) shows the responsivity versus bias 
voltage for the three devices. The P-I-N photodetector has 
the lowest responsivity because of the low electric field 
in the intrinsic region [6]. The P-N photodetector has a 
higher responsivity and is sensitive to the bias when the 
ionization process takes effect under strong electric field 
[7]. The responsivity of the N-P-N phototransistor is the 
highest among the three devices when bias is less than 

5.5 V. The maximum responsivity is around 10 mA/W at 
5 V. The relatively high responsivity is owing to the 
intrinsic current gain present in the phototransistor. The 
responsivity falls rapidly after 5 V, as the junctions in the 
N-P-N phototransistor are punched through leading to a 
high dark current. A similar phenomenon is also observed 
in our previous P-I-P photoconductive micro-heater [8].  

Finally, we measured the temperature sensitivity of the 
phototransistor by placing a thermo-electric cooler (TEC) 
under the chip. Fig. 3(b) shows the current as a function 
of temperature under various biases at the optical power 
of ~10 mW. At 5 V, the current increases ~20% from 297 
K to 318 K, mainly caused by the rising dark current. 

 

Fig. 3.  (a) Responsivity comparison of N-P-N, P-I-N, and P-N type 
waveguide photodetectors. (b) Temperature stability of the device under 
various biases.  

IV.  CONCLUSIONS  
We experimentally demonstrated an all-silicon 
waveguide phototransistor based on a lateral N-P-N 
junction structure. Owing to the internal gain provided by 
the bipolar transistor, a relatively high responsivity was 
obtained at low bias. In order to further increase the 
current gain in the phototransistor, a narrower P doping 
region and a higher concentration ratio ND / NA  could be 
used. 
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